Laser welding is widely used in titanium alloy welding due to its high energy density, small heat affected zone, and rapid processing ability. However, problems with laser welding, such as deformation and cracking caused by residual stress, need to be resolved. In this paper, the residual stress in laser welding of TC4 titanium alloy was studied using an ultrasonic laser. The residual stress in titanium alloy plates is considered a plane stress state. A pre-stress loading method is proposed and acoustoelastic coefficients are obtained. Based on the known acoustoelastic coefficients, the transverse and longitudinal residual stresses in laser welding are measured using an ultrasonic laser. The results show that longitudinal residual stress is greater than the transverse stress. The distribution regularity of the residual stress is similar to normal welding, but the tensile stress zone is much narrower. Then, the influence of heat input and welding speed on residual stress is discussed. With increasing heat input, the welding zone widens, and the peak value of the residual stress increases. A higher welding speed should be chosen when the welding power is constant. This research has important significance for the measurement and control of residual stress in the laser welding process.
Introduction
The high temperature mechanical properties, high strength-to-weight ratio, and good corrosion resistance of titanium and titanium alloys have led its diversified and successful application in a variety of fields with demanding performance and reliability requirements, such as in the aerospace, automotive, medical, nuclear, petrochemical, and power generation industries [1, 2] . Common titanium alloy welding methods include tungsten inert gas welding, electron beam welding, and laser welding. Laser welding is a dominant welding method because of its concentrated energy density, small heat affected zone (HAZ), minimal welding deformation, and fast welding speed. Laser welding technology is suitable for welding of TC4 titanium alloy [3, 4] . During laser welding, residual stress inevitably results from uneven and fast heating and cooling, affecting the safety performance of welded structures. However, due to the constraints of available testing technology and methods, the formation mechanism of the residual stress in laser welding has not yet been effectively solved. The traditional methods of measuring residual stress include cutting groove, hole-drilling, and X-ray [5] [6] [7] . However, the mechanical method is time-consuming, complex, and can damage materials. The X-ray method involves controlled measurement and the chance of damaging human health is low. Ultrasonic lasers are advantageous because they are highly precise, non-contact, nondestructive, and highly adaptable. The technology is especially suitable for nondestructive testing of materials with complex curved
Theoretical Basis
The main effect of stress on the propagation of ultrasonic waves in a material is the variation in wave velocity of propagation [23] . Another effect, to a lesser extent, is the variation in the amplitude of the ultrasonic wave, which can be specified according to their attenuation [24] . Generally, the relative change in the velocity caused by stress is proportional to the latter, and the proportional coefficient is a parameter dependent on the material, which is called the acoustoelastic coefficient [25] . When the stress is located near the surface, rather than having the wave propagating through the thickness of the material, the energy of the wave can be directed along the surface between the transmitter and the receiver. Among waves that propagate near the surface, the surface wave is particularly attractive because it propagates without radiation loss and the energy is concentrated within a layer of about one wavelength thickness under the surface. Some studies have shown the sensitivity of these waves to stress in different materials [26, 27] . Since the depth of penetration of the surface wave into the solid is approximately one wavelength, it is possible to measure stress gradients using surface waves at different frequencies [28] . The first theory of surface waves in elastic materials with homogeneous deformation was developed by Hayes and Rivlin for waves propagating along one of the principal axes of stress [29] . The acoustoelastic theory effect for ultrasonic surface wave was reviewed in Pao et al. [? ] 5. Only the final results are provided here. Considering the study of the laser welding residual stress of an isotropic and uniform sheet, compared with the other two directions, the stress along the thickness direction was very small. We approximated σ z = 0 σ z = 0 and the model can be simplified to the plane stress state. In this paper, the surface wave propagation on the free surface of an elastic and isotropic media defined by normal plane coordinates (x,y) is considered. Based on the discussion of the acoustoelastic effect of surface wave conducted by Husson [31] , when the displacement caused by the surface wave propagation is infinite, the relative change in the propagation velocity can be expressed as a function of two nonzero surface stresses, σ x and σ y , as follows:
where v 0 is the velocity of the surface acoustic wave with no residual stress present; v x and v y are the surface wave velocities in the presence of (σ x , σ y ) in the x and y directions, respectively; σ x and σ y are the principal stresses; and A x and A y are the acoustoelastic coefficients of the surface ultrasonic wave that depend on not only the stress direction but also on the propagation direction of the wave. The acoustoelastic coefficients can be evaluated according to the mechanical parameters of the material [32] . Considering the difference between experiment and theory, in order to enhance the measurement precision, a pre-stress loading method is proposed to calibrate the coefficients in the experiment. To achieve stress inversion, the coefficients A x and A y must be determined in advance. For uniaxial tensile stress fields, only the pre-stress σ x is applied; the coefficients A x and A y can be obtained from the calibration experiment. When the sample is in a uniaxial stress state, Equations (1) and (2) can be simplified as follows, respectively:
This stage of calibration involves applying different loads on a sample and measuring the corresponding acoustic wave velocities. The experimental results confirmed the linear evolution of the relative variation of the velocity as a function of the load, and the slope directly corresponds to the acoustoelastic coefficients. From Equations (3) and (4), for a definite pre-stress, if the surface wave propagation velocity along the x and y directions is measured, we obtain the acoustoelastic coefficients A x and A y , respectively.
Experimental Process
The experimental process was divided into three parts: preparation of specimens with continuous laser welding, using ultrasonic laser technology for measurement of the residual stress in laser welding, and hole-drilling to verify the experimental results.
Preparation of Experimental Specimens
To ensure welding quality, preparatory work is necessary. The national standard GB/T3621 was applied, and anything beyond standard scratches, indentation, dents, and cracks were not allowed on the surface of the sample. The sample should be treated before welding and the treatment solution composition was HNO 3 (30%-40%), HF (3%), and water (the rest). The temperature of the treatment solution was 20-30 • C, and the treatment time was 3-5 min. Then, the sample was flushed with cold water for 3 min, and dried in a drying box at 82-116 • C. Sandpaper was used to polish the oxide layer on the surface to be welded of the sample. Until the sample surface is polished into silver white metallic luster, acetone is used to wipe it clean. Laser welding is a high precision welding method, so there are certain requirements for the working environment. The room temperature should be kept at 15-30 • C, and the relative humidity should not exceed 60%. The voltage fluctuation of the welding power supply should be less than 10% to ensure the stability of the laser. In order to ensure the stability of the specimens in the welding process, a special fixture should be used to fix the specimens. On the back of the fixture, a protective gas passage should be reserved to prevent the back of the weld from being oxidized. The laser welding equipment used in the experiment was a HL3006D-type HAAS-LASER YAG laser produced by TRUMPF (Stuttgart, Germany). The highest stable output power was 3 kW, the wavelength was 1064 nm, and the diameter of the spot after focusing was 0.6 mm. The light guiding and focusing system was composed of a circular polarizer, a beam expander, an optical fiber, and a focusing lens. In the process of welding, the six axis manipulator produced by KHI (Kawasaki, Japan) was used for precise positioning, and the relative motion of the laser beam and work piece was realized using an operating platform. Many parameter settings can be changed during laser welding, such as welding power, welding speed, welding angle, heat input, and inert gas flow, but in most cases, the individual effect on the residual stress was not clear. Since the relationship between the process parameters in laser welding is complex, in this paper, only welding power, welding speed, and heat input were changed. The material was a TC4 titanium alloy plate with a yield strength of 860 MPa, a density if 4.5 g/cm 3 , an elastic modulus of 110 GPa, and a Poisson ratio of 0.34. The nominal chemical composition of the alloy is shown in Table 1 . Continuous laser welding was used in this experiment. The weldment size was 200 mm × 50 mm × 2 mm and the welding method was butt welding. Argon was used as a protective gas. The protective gas was composed of three parts: the coaxial protective gas for protecting the melting pool, the front protective gas (for protecting the surface of the newly solidified weld, and the back protective gas for protecting the back of the weld. Considering the use of laser energy, the defocusing amount was set to zero. The range of welding power and welding speed was chosen as wide as possible while ensuring the welding quality of the products. Table 2 shows the different combinations of welding speed and welding power used in this paper. Heat input is defined as welding power/welding speed. The heat input represents the laser energy absorbed by the weld per unit length, and it plays a decisive role in the distribution in welding residual stress. Based on the preliminary process exploration, the main parameters selected in this experiment are shown in Table 2 , and nine experimental specimens were prepared for further discussion on laser welding residual stress. The whole ultrasonic laser experiment system included three sections: a Nd:YAG laser was used to generate the ultrasonic waves, a laser Doppler vibrometer was used to detect ultrasonic waves, a the pre-stress loading setup was used to calibrate the acoustoelastic coefficients. The whole system is presented in Figure 1 . A laser pulse with a Gaussian profile was sent by the Nd:YAG laser setup (Dawa-100, Beamtech Optronics Ltd., Beijing, China), the beam was focused by the cylindrical lens as a line source with a 0.6 mm width and a 20 mm length to generate the surface waves. The main parameters of the generation laser were as follows: wavelength λ = 1064 nm, pulse width τ = 8 ns, single pulse energy E 0 = 100 mJ, and the maximum repetition frequency f = 20 Hz was adjustable within 0-20 Hz. The vibration information was detected by a laser Doppler vibrometer (Sdptop LV-S01, Sunny Optical Technology Ltd., Suzhou, China), with a He-Ne laser wavelength of 632.8 nm, frequency band of 2.5 MHz, work distance of 0.35-20 m, and a displacement resolution of 0.008 nm. The laser Doppler vibrometer had auto-focus/long-distance focus and focus point storage functions. The He-Ne laser can be manually fine-tuned by rotating the lens of the vibrometer. The detection laser was focused into a light spot with a diameter of 0.7 mm. Few laser beams are received by the photoelectric detector (Thorlabs Det10A/M, Thorlabs Inc., Newton, NJ, USA) with a wavelength of 200-1100 nm. It achieves perfect synchronization of the oscilloscope with the laser shots. An oscilloscope (Dpo4102, Tektronix Inc., Beaverton, OR, USA), with a sampling rate of 5 GS/s and frequency band of 1 GHz, was employed to store the output electrical signal from the photoelectric detector and the Doppler vibrometer after 64 repetitions, on average, in order to reduce random noise. The computer analyzed and processed the data from the photoelectric detector and oscilloscope. In the measurement experiment, two methods were adopted to avoid the interaction between the various modes of the ultrasonic signals. First, the signal detecting location was far from the exciting location. Because the propagation velocities of various waves are different in the media, sufficient distance can separate the different ultrasonic waves to better identify the transverse and longitudinal waves. In addition, the laser Doppler vibrometer has two functional options with a low-pass filter (OUTPUT LP FILTER: 500 Hz, 5 kHz, 20 kHz, and 100 kHz) and a high-pass filter (OUTPUT HP FILTER: DC is namely direct current, DC Block, 60 Hz, 1 kHz). The high-pass filter function was used, as it removes unnecessary interference signals in low frequency. OUTPUT HP FILTER: 1 kHz was set, and a high frequency wave of 1-2.5 MHz was received.
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Determination of Acoustoelastic Coefficients
To measure residual stress with an ultrasonic laser, we first performed a calibration experiment, and the acoustoelastic coefficients of the material were obtained. The acoustoelastic coefficients were obtained via online pre-stress loading. One end of the TC4 base material specimen was fixed to the optical platform (Thorlabs Nexus, Thorlabs Inc., New Jersey, United States) with bolts. The constraints were considered as fixed boundary conditions. The other end of the specimen was connected with a weight using a cable, and the different tension stresses were achieved by changing the weight. Based on the Saint Venant principle, the tensile stress field with uniform distribution was obtained far from the loading zone. Firstly, the velocity of surface wave 0 v was measured in the base material specimen without loading. Then, the specimens under uniform tensile stress were measured. Notably, the loading stress should be less than the yield strength of the TC4 base material to avoid plastic deformation. The velocities, 
To measure residual stress with an ultrasonic laser, we first performed a calibration experiment, and the acoustoelastic coefficients of the material were obtained. The acoustoelastic coefficients were obtained via online pre-stress loading. One end of the TC4 base material specimen was fixed to the optical platform (Thorlabs Nexus, Thorlabs Inc., Newton, NJ, USA) with bolts. The constraints were considered as fixed boundary conditions. The other end of the specimen was connected with a weight using a cable, and the different tension stresses were achieved by changing the weight. Based on the Saint Venant principle, the tensile stress field with uniform distribution was obtained far from the loading zone. Firstly, the velocity of surface wave v 0 was measured in the base material specimen without loading. Then, the specimens under uniform tensile stress were measured. Notably, the loading stress should be less than the yield strength of the TC4 base material to avoid plastic deformation. The velocities, v x and v y , were determined parallel and perpendicular to the principal stress direction, respectively. In the two cases, the velocities were measured using the same experimental program. The ultrasonic wave velocity was determined by travel time and distance. The travel time ∆t was recorded with an oscilloscope, and the results are presented in Figure 2 . The distance ∆l between the excitation location and the detecting location was measured with a Vernier caliper. Two channels of the oscilloscope were used in the experiment. The yellow curve record the ultrasonic vibration signal from the laser Doppler vibrometer. The surface wave signal was obvious, which satisfies the surface wave characteristics. The blue curve recorded the synchronous time reference signal from the photoelectric detector. The travel time ∆t between the excitation location and the detection location was determined by the cursor. The measurement error of the ultrasonic wave propagation time and distance was solved using a linear fitting experiment. The slope of the linear fitting curve is v 0 , where v 0 = 2795.2 m/s is the velocity of the surface wave, as shown in Figure 3 .
cursors for reading travel time.
Two channels of the oscilloscope were used in the experiment. The yellow curve record the ultrasonic vibration signal from the laser Doppler vibrometer. The surface wave signal was obvious, which satisfies the surface wave characteristics. The blue curve recorded the synchronous time reference signal from the photoelectric detector. The travel time t  between the excitation location and the detection location was determined by the cursor. The measurement error of the ultrasonic wave propagation time and distance was solved using a linear fitting experiment. The pulsed laser acting on the surface of a material produces ultrasonic longitudinal waves, shear waves, and surface waves. The propagation velocities of these waves are related to the density and elastic constants of the material [33] . According to solid mechanics theory [34] , the equations can be expressed as: The pulsed laser acting on the surface of a material produces ultrasonic longitudinal waves, shear waves, and surface waves. The propagation velocities of these waves are related to the density and elastic constants of the material [33] . According to solid mechanics theory [34] , the equations can be expressed as:
where C S and C R are the shear wave velocity and surface wave velocity, respectively; E = 110 GPa is the elastic modulus; µ = 0.34 is the Poisson ratio; and ρ = 4.5 g/cm 3 is the density of the TC4. The theoretical solution of surface waves velocity v 0 = 2826.4 m/s can be obtained using Equations (5) and (6) . The error of the theoretical and experimental results was 1.1%. Then, different stress fields were applied to the specimen via pre-stress loading. At each uniaxial tensile loading stage, the propagation velocity of the surface wave, perpendicular and parallel to the loading direction, was measured. By step-by-step loading of the TC4 specimen, the relationship between surface wave velocity ratio and tensile stress are represented by the curves. The slopes represent the coefficient of the TC4 material, as shown in Figure 4 . For the surface waves in the TC4 material, we determined A x = −9.108 × 10 −6 MPa −1 and A y = −7.789 × 10 −7 MPa −1 . For most of the materials researched, A x >> A y was a clear conclusion reported in Ya et al. [35] . Once the acoustoelastic coefficients were determined via online pre-stress loading, the residual stress was evaluated using Equations (1) and (2).
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Once the acoustoelastic coefficients were determined via online pre-stress loading, the residual stress was evaluated using Equations (1) and (2).
Figure 4.
The relationship between velocity ratio and tensile stress. The slopes of the linear fitting curve correspond to the acoustoelastic coefficients.
Measurement of Residual Stress
The residual stress during the laser welding of TC4 titanium alloy was measured using ultrasonic laser technology. 
The residual stress during the laser welding of TC4 titanium alloy was measured using ultrasonic laser technology. The experimental program and the location of the measurement lines are shown in Figure 5 , where M 0 is the measurement point, and all the measurement points are arranged in the measuring line; N 1 and N 2 are the location of the excitation laser and detection laser, respectively; l 0 is the measurement line (black line) arranged on the center axis of the specimen; and l 1 , l 2 and l 3 are the auxiliary lines (blue line). Notably, the stress at the measuring point is actually the average residual stress within the travel distance of the surface wave. Therefore, when there is a large stress gradient or stress concentration, the distance between the measurement points must be refined to improve the measuring accuracy. The transverse propagation velocity v x was obtained using the same experimental program, and the residual stress of measurement point M 0 was determined using Equations (1) and (2). Figure 6 shows the residual stress distribution of weld 1 with a welding power of 2800 W, welding speed of 6.0 m/min, and heat input of 28 kJ/m. Since the boundary conditions at both ends of the weld centerline were similar, a symmetric approach was assumed in the residual stress profile. It was reasonable to assume that data points at the same distance but at either sides of the centerline would have the same value of residual stress. These types of symmetric approaches were adopted in a number of research studies on welds [3, 4] . The longitudinal residual stress was greater than the transverse residual stress. The longitudinal residual stress was high tensile stress near the reasonable to assume that data points at the same distance but at either sides of the centerline would have the same value of residual stress. These types of symmetric approaches were adopted in a number of research studies on welds [3, 4] . The longitudinal residual stress was greater than the transverse residual stress. The longitudinal residual stress was high tensile stress near the welding seam, and the maximum values of longitudinal and transverse residual stresses were 297.7 MPa and 72.4 MPa near the HAZ, respectively. The longitudinal stress decreased rapidly with increasing distance from the weld centerline, passing through zero at a distance near to the weld centerline and leading to the balancing of the compressive stress at approximately −15.7 MPa in the far field. The welding residual stress reached one-third of the yield strength of the material. If residual stress is superimposed with external forces, it easily exceeds the yield strength, resulting in plastic deformation and failure of the components. The longitudinal residual stresses measured by the hole-drilling method and ultrasonic laser method were basically the same. However, error and uncertainty in measurement are inevitable. For the hole-drilling technique, the stress uncertainty mainly depends on the absolute value of the strain. For the ultrasonic laser technique, the uncertainty mainly depends on the propagation velocity of the ultrasonic waves. Considering the maximum longitudinal residual stress, corresponding to the ultrasonic laser and hole-drilling techniques, the uncertainty of measurements were 1.2 MPa and 2.4 MPa, respectively. Weld seam
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Laser ultrasonic-longitudinal stress Hole drilling-longitudinal stress Laser ultrasonic-transverse stress Figure 6 . The residual stress distribution in TC4 laser welding at a welding power of 2800 W, welding speed of 6.0 m/min, and heat input of 28 kJ/m. The longitudinal residual stresses measured by the hole-drilling method and ultrasonic laser method were consistent.
Hole-Drilling for Measurement of Residual Stress
The evolution mechanism of welding residual stress and the factors affecting its formation are complicated. Theoretical analysis alone cannot solve the problem. Therefore, a destructive test using the hole-drilling method was applied to validate the correctness of the ultrasonic laser method. A ZDL-type drilling device and a TJ-120-1.5 type strain rosette were applied in the experiment. The local radial strain induced by boreholes was measured and the longitudinal and transverse stresses were calculated based on the following relationships:
  
tan 2θ
where ε 1 , ε 2 and ε 3 are the radial strains measured by the strain rosette. The strain rosette is composed of three different angle sensitive grids arranged in the radial direction. As shown in Figure 7 , θ is the angle between the principal stress σ x and the strain gauge R 1 . The release coefficients A and B can be obtained by the following formulas [36] :
where a is the radius of the hole, r is the distance between the center of the hole and the middle point of the sensitive grids, and E and µ are the elastic modulus and Poisson ratio, respectively. As shown in Figure 6 , the longitudinal residual stresses measured with the hole-drilling method and the ultrasonic laser method were consistent. In the high stress region, the hole-drilling method produced a larger result than the ultrasonic laser due to the stress concentration caused by the hole. 
Results and Discussion
When the welding component is in service, the superposition of the external load and internal residual stress leads to the redistribution of welding residual stress, which seriously affects the mechanical properties of the welded components, especially in terms of fatigue strength, brittle failure, and stress corrosion cracking. Therefore, it was necessary to study the effect of laser welding parameters on residual stress. Figure 8 presents the longitudinal residual stress measurements for a series of laser welding, grouped by increasing heat input. Heat input considerably influenced residual stress. For welds 1 and 7 with the same heat input of 28 kJ/m, there was little change in the distribution and the maximum value of residual stress. The difference in the maximum tensile stress was less than 15 MPa. For the welds with different heat inputs, the maximum value of residual stress increased with increasing heat input. The width of the tensile longitudinal residual stress zone within the half plate was 7 mm with a heat input of 28 kJ/m, and 13 mm with a heat input of 60 kJ/m, which means that the stress gradient within the fusion zone of full laser penetration welding was steep. When the heat input increased, the energy absorbed by the unit length increased, which expanded the high temperature zone generation plastic deformation and the corresponding plastic deformation zone moved outside. Therefore, the tensile residual stress region increased. 
Effects of Heat Input on Residual Stress

Results and Discussion
When the welding component is in service, the superposition of the external load and internal residual stress leads to the redistribution of welding residual stress, which seriously affects the mechanical properties of the welded components, especially in terms of fatigue strength, brittle failure, and stress corrosion cracking. Therefore, it was necessary to study the effect of laser welding parameters on residual stress. Figure 8 presents the longitudinal residual stress measurements for a series of laser welding, grouped by increasing heat input. Heat input considerably influenced residual stress. For welds 1 and 7 with the same heat input of 28 kJ/m, there was little change in the distribution and the maximum value of residual stress. The difference in the maximum tensile stress was less than 15 MPa. For the welds with different heat inputs, the maximum value of residual stress increased with increasing heat input. The width of the tensile longitudinal residual stress zone within the half plate was 7 mm with a heat input of 28 kJ/m, and 13 mm with a heat input of 60 kJ/m, which means that the stress gradient within the fusion zone of full laser penetration welding was steep. When the heat input increased, the energy absorbed by the unit length increased, which expanded the high temperature zone generation plastic deformation and the corresponding plastic deformation zone moved outside. Therefore, the tensile residual stress region increased. As shown in Figure 9 , with increasing heat input, the maximum longitudinal residual stress gradually increased. The whole change process can be divided into three stages. During the first stage (heat input 28-35 kJ/m) and the third stage (heat input 56-70 kJ/m), the maximum residual stress changed markedly, which was mainly due to the large temperature gradient at high heat input and the small plastic deformation region at low heat input. When the heat input changed from 35 kJ/m to 56 kJ/m, the maximum longitudinal residual stress changed slowly. The deduction from these data is that the second stage may be the preferred heat input range for laser welding of 2-mm-thick titanium alloy plates when residual stress and other factors affecting welding quality are considered. Figure 9 . The relationship between maximum longitudinal residual stress and heat input. Three approximate linear stages are presented and the maximum residual stress changes slowly in the second stage.
Effects of Heat Input on Residual Stress
Effects of Welding Speed on Residual Stress
As an important process parameter of laser welding, welding speed directly determines the efficiency of welding. Figure 10 shows the effect of welding speed on residual stress distribution. It can be seen that with the increase in welding speed, the residual stress maximum decreases gradually due to the decrease in the energy absorbed by the weld per unit length caused by heat input changes. As the welding speed decreases, the tensile stress region increases due to the increase in the plastic deformation area caused by high heat input. Therefore, higher welding speeds should As shown in Figure 9 , with increasing heat input, the maximum longitudinal residual stress gradually increased. The whole change process can be divided into three stages. During the first stage (heat input 28-35 kJ/m) and the third stage (heat input 56-70 kJ/m), the maximum residual stress changed markedly, which was mainly due to the large temperature gradient at high heat input and the small plastic deformation region at low heat input. When the heat input changed from 35 kJ/m to 56 kJ/m, the maximum longitudinal residual stress changed slowly. The deduction from these data is that the second stage may be the preferred heat input range for laser welding of 2-mm-thick titanium alloy plates when residual stress and other factors affecting welding quality are considered. As shown in Figure 9 , with increasing heat input, the maximum longitudinal residual stress gradually increased. The whole change process can be divided into three stages. During the first stage (heat input 28-35 kJ/m) and the third stage (heat input 56-70 kJ/m), the maximum residual stress changed markedly, which was mainly due to the large temperature gradient at high heat input and the small plastic deformation region at low heat input. When the heat input changed from 35 kJ/m to 56 kJ/m, the maximum longitudinal residual stress changed slowly. The deduction from these data is that the second stage may be the preferred heat input range for laser welding of 2-mm-thick titanium alloy plates when residual stress and other factors affecting welding quality are considered. 
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As an important process parameter of laser welding, welding speed directly determines the efficiency of welding. Figure 10 shows the effect of welding speed on residual stress distribution. It can be seen that with the increase in welding speed, the residual stress maximum decreases gradually due to the decrease in the energy absorbed by the weld per unit length caused by heat input changes. As the welding speed decreases, the tensile stress region increases due to the increase in the plastic deformation area caused by high heat input. Therefore, higher welding speeds should be chosen when the welding power is constant, to improve the welding efficiency and reduce the residual stress. 
Effects of Heat Treatment on Residual Stress
The residual stress produced by laser welding of TC4 titanium alloy near the weld and fusion line was about 50% of the yield strength of the base material. Therefore, it was necessary to adopt laser welding and post-weld heat treatment to control the residual stress. In order to avoid oxidation and pollution of titanium alloy in air, a vacuum furnace with a precision of ±5 • C was used for heat treatment. The specimen was clamped with fastening bolts to eliminate its warp. In general, the heating temperature and the holding time determine the extent to which residual stresses are removed during heat treatment. In the experiment, the national standard GJB3763A was adopted, the heat treatment temperature was 650 • C, and the holding time was 120 min. Then, the residual stress of the laser welding specimens after heat treatment was measured with an ultrasonic laser.
As shown in Figure 11 , the longitudinal residual stress was greatly reduced. The decrease in the maximum of residual stress was particularly obvious. The maximum of the longitudinal residual stress was reduced from 423 to 92 MPa, a decrease of 78%, but the maximum residual stress after heat treatment was still larger. Due to the redistribution of the residual stress caused by heat treatment, partial tensile stress and compressive stress in the distant weld area were converted to each other. Although heat treatment can reduce residual stress to a certain extent, it was still necessary to control the residual stress by optimizing the welding process parameters. 
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Longitudinal residual stress before heat treatment Longitudinal residual stress after heat treatment Figure 11 . Comparison of the longitudinal residual stress before and after heat treatment. The maximum of longitudinal residual stress was reduced from 423 MPa to 92 MPa, a decrease of 78%.
Conclusions
An ultrasonic laser technique was used to measure the residual stress in laser welding of TC4 titanium alloy. A pre-stress loading method was proposed and the acoustoelastic coefficients of TC4 titanium alloys were first obtained. On the basis of known acoustoelastic coefficients, the longitudinal and transverse welding residual stresses were measured with an ultrasonic laser technique. The results showed that the longitudinal residual stress was obviously larger than the transverse stress. The longitudinal residual stress was high tensile stress near the welding seam, and the maximum value of longitudinal residual stress was about 420 MPa, which was half of the yield strength. Then, the effect of the process parameters on the features of the residual stress was discussed. The results showed that heat input is the dominant parameter determining laser welding residual stress. With increasing heat input, the welding zone widened and the peak value of the residual stress increased gradually. Higher welding speeds should be chosen as much as possible when the welding power is constant. Heat treatment can reduce the maximum of the longitudinal residual stress by about 80% and lead to the redistribution of stress. 
An ultrasonic laser technique was used to measure the residual stress in laser welding of TC4 titanium alloy. A pre-stress loading method was proposed and the acoustoelastic coefficients of TC4 titanium alloys were first obtained. On the basis of known acoustoelastic coefficients, the longitudinal and transverse welding residual stresses were measured with an ultrasonic laser technique. The results showed that the longitudinal residual stress was obviously larger than the transverse stress. The longitudinal residual stress was high tensile stress near the welding seam, and the maximum value of longitudinal residual stress was about 420 MPa, which was half of the yield strength. Then, the effect of the process parameters on the features of the residual stress was discussed. The results showed that heat input is the dominant parameter determining laser welding residual stress. With increasing heat input, the welding zone widened and the peak value of the residual stress increased gradually. Higher welding speeds should be chosen as much as possible when the welding power is constant.
Heat treatment can reduce the maximum of the longitudinal residual stress by about 80% and lead to the redistribution of stress.
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